Originally found in a Scottish family with diverse mental disorders, the DISC1 protein has been characterized as an intracellular scaffold protein that associates with diverse binding partners in neural development. To explore its functions in a genetically tractable system, we expressed the human DISC1 in fruit flies (Drosophila melanogaster). As in mammalian neurons, DISC1 is localized to diverse subcellular domains of developing fly neurons including the nuclei, axons and dendrites. Overexpression of DISC1 impairs associative memory. Experiments with deletion/mutation constructs have revealed the importance of amino-terminal domain (46-290) for memory suppression whereas carboxyl domain (598-854) and the amino-terminal residues (1-45) including the nuclear localization signal (NLS1) are dispensable. DISC1 overexpression also causes suppression of axonal and dendritic branching of mushroom body neurons, which mediate a variety of cognitive functions in the fly brain. Analyses with deletion/ mutation constructs reveal that protein domains 598-854 and 349-402 are both required for the suppression of axonal branching, while amino-terminal domains including NLS1 are dispensable. In contrast, NLS1 was required for the suppression of dendritic branching, suggesting a mechanism involving gene expression. Moreover, domain 403-596 is also required for the suppression of dendritic branching. We also show that overexpression of DISC1 suppresses glutamatergic synaptogenesis in developing neuromuscular junctions. Deletion/mutation experiments have revealed the importance of protein domains 403-596 and 349-402 for synaptic suppression, while amino-terminal domains including NLS1 are dispensable. Finally, we show that DISC1 functionally interacts with the fly homolog of Dysbindin (DTNBP1) via direct protein-protein interaction in developing synapses.
INTRODUCTION
Since the original discovery of the DISC1 gene from a Scottish pedigree with a wide range of mental disorders, biological evidence has accumulated that DISC1 is a multifunctional protein important for brain development and physiology. [1] [2] [3] [4] These studies have indicated that the cellular and biochemical processes involving DISC1 are relevant to the endophenotypes associated with psychiatric dysfunctions. On the other hand, except for the unique Scottish pedigree, how the DISC1 locus is implicated at the genetic level in major mental disorders is still elusive with little success in genome-wide association studies to identify the locus as a prominent hit for schizophrenia. 5, 6 This enigma in turn might imply an intricate underlying mechanism that involves complex genetic interactions with other loci that exert functional modifications of neuronal DISC1 functions in the brain.
The fruit fly (Drosophila melanogaster) has been used as a powerful model for understanding cellular and molecular mechanisms of diverse neurological disorders. [7] [8] [9] In conjunction with the commonality of molecular genetic mechanisms in brain development, [7] [8] [9] the vast array of transgenic techniques in fruit flies allows us to study human neurological disease genes either by loss-of-function or by gain-of-function approaches, involving the overexpression of human disease genes in the fly brain. Whereas phenocopying human psychiatric symptoms is a major challenge for animal models, particularly in evolutionary distant species such as fruit flies, recent efforts toward a framework for basic research on mental disorders highlight the importance of elucidating the underlying mechanisms of mental dysfunction. [10] [11] [12] In such a framework, mental disorders can be addressed as disorders of brain circuits, which can be studied at multiple biological and genetic levels using non-human models. In line with this concept, several studies have utilized the fly model in the past few years to reveal the underlying mechanisms of diverse mental disorders at the molecular and genetic levels. [13] [14] [15] [16] [17] [18] In this study, we expressed the DISC1 protein in developing mushroom bodies (MBs), the centers for cognitive functions of the fly brain. [19] [20] [21] Although the DISC1 gene is not conserved in the fly genome, 22 fruit flies exhibit significant conservation (93%) of the genes that encode the DISC1-interacting proteins 23 ( Supplementary Table S1 ), providing a platform for molecular genetic analyses of its functions in brain circuit formation. We first demonstrate evolutionarily conserved mechanisms of subcellular localization of the DISC1 protein in developing fly neurons. We then show that overexpression of DISC1 in larval MB neurons impairs associative olfactory memory. Experiments with deletion/ mutation constructs have revealed the importance of aminoterminal domains (amino acid for memory suppression, while carboxyl domains (amino acid 598-854) and the aminoterminal residues (amino acid including the nuclear localization signal (NLS1) are dispensable. Using a mosaic technique with single-cell clones, we also show that DISC1 overexpression causes suppression of axonal and dendritic branching of MB neurons. Analyses with deletion constructs have revealed that protein domains 598-854 and 349-402 are both required for the suppression of axonal branching while aminoterminal domains including NLS1 are dispensable. In contrast, NLS1 was required for the suppression of dendritic branching, suggesting a mechanism involving gene expression. Moreover, domain 403-596 is also required for the suppression of dendritic branching. In addition, we show that overexpression of DISC1 suppresses glutamatergic synaptogenesis in developing neuromuscular junctions (NMJs). Deletion/mutation experiments have revealed the importance of protein domains 403-596 and 349-402 for synaptic suppression, while amino-terminal domains including NLS1 are dispensable. Finally, we show that DISC1 interacts with the fly homologue of Dysbindin (DTNBP1) in synaptic development via direct protein-protein interaction.
MATERIALS AND METHODS

Fly stocks
A white (w) stock outcrossed with Canton S 10 times (w (CS10) ) was used as the standard stock. Flies carrying UAS-HA-DISC1 transgene 14 were generated by P-element-mediated transformation. To ensure homogeneous genetic background, the transformed DISC1 stocks were outcrossed to the w (CS10) stock 5-10 times. All stocks were raised at 25°C on a standard food consisting of 5.5 g l − 1 agar, 40 g l − 1 yeast extract, 90 g l − 1 cornmeal, 100 g l − 1 glucose. Propionic acid (3 ml l − 1 ) and n-butyl-phydroxybenzoate (0.7 g l − 1 ) were added as fungicides.
Immunohistochemistry
Immunological staining was performed as described previously. 24 Rabbit anti-DISC1 antibody (Lys101-Arg260, AF6699, R&D Systems, Minneapolis, MN, USA) or rabbit anti-DISC1 antibody (carboxyl terminal) 25 were used to monitor DISC1 expression. Other antibodies used were: mouse antisynaptotagmin diluted 1:2 (3H2 2D7, Developmental Studies Hybridoma Bank, University of Iowa, IA, USA), anti-horseradish peroxidase protein conjugated with fluorescein-isothiocyanate diluted 1:50 (Jackson Immu-noResearch, West Grove, PA, USA), Rat anti-CD8α (Caltag, Burlingame, CA, USA) diluted 1:50 and Alexa-conjugated secondary antibodies (Molecular Probes, Eugene, OR, USA) diluted 1:200. Confocal images were captured with Zeiss LSM510 or LSM700 (Oberkochen, Germany). Axonal and dendritic branching patterns were analyzed using Image J with threedimensional reconstruction. Expression levels of DISC1 proteins were determined based on the fluorescence intensities of confocal images using Image J (NIH, Bethesda, MD, USA).
Western blotting
Proteins were extracted from third instar larvae expressing the HA-tagged DISC1 driven by tubP-GAL4. Third instar larvae were collected, rinsed with PBS and homogenized in Sarkosyl extraction buffer 26 (50 mM HEPES (pH 7.5), 300 mM NaCl, 5 mM EDTA, 5 mM reduced glutathione, 1% NP-40, 0.2% Sarkosyl, 1 mM PMSF and 1 × Protein Inhibitor Mix (Roche, Mannheim, Germany)). Animal carcass was removed by low speed centrifugation at 5000 g (Eppendorf 5415 R) for 3 min. The lysate was centrifuged at 16 100 g (Eppendorf 5415 R) for 15 min to separate soluble and insoluble fractions. Precipitates were then taken up in the Sarkosyl extraction buffer. All steps were performed on ice or at 4°C. Extracted proteins were then separated with 10% SDS gel, transferred onto nylon membrane and probed with anti-HA antibody (3F10, Roche).
Clonal analysis
Single-cell clones were generated using the mosaic analysis with a repressible cell marker (MARCM) technique, 27, 28 which is based on the GAL4/GAL80 system coupled with FRT/FLT-mediated chromosomal recombination, which was induced by a brief heat shock. DISC1 constructs were driven under the UAS promoter sequence. The anatomy of the induced clones were visualized with a membrane-bound marker UAS-mCD8::GFP.
To induce MARCM clones, newly emerged larvae were collected at 24 h after the end of a 4-h egg collection, and heat shocked for 1 h at 37°C.
Larvae were then raised at 25°C and the brains of adult flies were dissected 2-3 days after hatching. Gal80 flies (hs-FLP UAS-mCD8::GFP; +/+; Gal80 FRT82B; OK107) were crossed with flies (1) w: FRT82B or (2) w; UAS-DISC1; FRT82B. Progenies of the following genotypes were examined for (1) wild-type clones: hs-FLP UAS-mCD8::GFP/w; +/+; Gal80 FRT82B/ FRT82B; OK107/+ or (2) DISC1-expressing clones: hs-FLP UAS-mCD8::GFP/w; UAS-DISC1/+; Gal80 FRT82B/FRT82B/+; OK107/+.
Larval memory assay
Larval memory assay was performed as described previously. 29, 30 Larvae were raised with the standard food described above without propionic acid. Behavioral experiments were performed at 25°C using early third instar larvae (72-76 h after egg laying). Larvae were harvested from vials with 15% glucose solution, and rinsed three times with distilled water. For training, larvae were placed on the surface of a 2.5% agar plate (diameter 85 mm), on which 1 ml of 1 M sucrose (Nacalai, Kyoto, Japan) or distilled water was spread shortly before experiments. Undiluted odor (10 μl), linalool (Nacalai) was spotted on a filter disk (55 mm in diameter) placed on the inside of the lid, and larvae were exposed to the odor for 30 min. Typically, several hundreds animals are placed on a plate and conditioned en masse. Larval olfactory and gustatory responses were determined as described previously. 29, 30 Genetic interaction analyses Motoneuron termini of the muscle 6/7 of the second abdominal segment were examined using confocal microscopy as described previously. 31 Mutant flies were balanced with a Cantonized double balancer stock (w/w; Sp/CyO Act-GFP; Pr Dr/ TM6B ubi-GFP), and the resulting mutant progeny were then crossed either with control (w; +; tubP-GAL4/TM6B ubi-GFP) or with DISC1 (w; UAS-DISC1(CS10)6-6(II); tubP-GAL4/ TM6B ubi-GFP) flies. The following genotypes were examined. Control; (1) w; +/+; +/tubP-GAL4 and (2) w; +/UAS-DISC1; +/tubP-GAL4. dysb e01028 background; (3) w; +/+; dysb e01028 /tubP-GAL4 and (4) w; +/UAS-DISC1; dysb e01028 /tubP-GAL4. Larvae were raised at 25°C and fixed at 116-120 h after egg laying. Total synaptic area was determined using Image J based on the confocal images of anti-Synaptotagmin staining.
Proximity ligation assay
To detect protein-protein interaction in the larval NMJ, UAS-Venus:: Drosophila Dysbindin (gift from Graeme Davis) 32 and UAS-DISC1 were coexpressed with tubP-GAL4. Proximity ligation assay (PLA) 33 was performed as described previously. 34 Briefly, NMJ of third instar larvae were dissected in ice-cold phosphate buffered saline, fixed for 30 min with 4% paraformaldehyde, and incubated with 1% bovine serum albumin in PBT (phosphate-buffered saline containing 0.1% Triton X-100). Tissues were then incubated with 1:50 dilution of sheep anti-DISC1 (AF6699, R&D systems) and 1:500 dilution of rabbit anti-green fluorescent protien (GFP; Molecular Probes) overnight at 4°C. After washing with PBT, tissues were further incubated with anti-horseradish peroxidase conjugated with FITC for 3 h. After washing with PBT, tissues were incubated with 1:15 dilution of anti-rabbit PLUS (DUO092002, Sigma-Aldrich, St. Louis, MO, USA) and anti-goat MINUS (DUO092006, Sigma-Aldrich) PLA probes for 2 h at 37°C. After washing with wash buffer A (Duolink, Sigma-Aldrich), ligation reaction was done for 1 h at 37°C followed by amplification for 2 h at 37°C. Tissues were then washed with wash buffer B (Duolink, Sigma-Aldrich) and mounted on a slide. PLA signals were captured with confocal microscopy LSM510 or LSM700 and analyzed with Image J.
Statistics
Experimental data of anatomical alterations including the analyses of MB clones and NMJ synapses were analyzed using parametric tests (Students' t-test and one-way analysis of variance) based on the previous studies 28, 31 without randomization and blinding. For multiple comparisons among relevant groups, Dunnett's post hoc test was used in conjunction with oneway analysis of variance. For simplicity, larval memory data are also presented based on parametric tests (multiple comparison with one-way analysis of variance followed by Dunnett's test). Considering the small number of samples, the data were also examined with nonparametric tests (Kruskal-Wallis) to further examine statistical significance. The conclusions were unaltered between the parametric and nonparametric tests. 29, 30 
RESULTS
Expression of the human DISC1 protein in fruit fly larval neurons
To express the human DISC1 gene in the fly brain, we utilized the GAL4-UAS system, which enables targeted expression in defined sets of neurons in the fly brain (Figures 1a and b ). Sawamura et al. 14 has shown that DISC1 is localized exclusively to the nuclei in the adult MB neurons ( Supplementary Fig. S2J ), but expression and functional analysis in developing neurons has yet to be done. In this study, we overexpressed DISC1 in larval MB neurons, which mediate cognitive functions such as learning and memory and are thus pertinent targets of DISC1 overexpression in the developing fly brain. The nervous system of fruit fly larvae consists of only 10 000 neurons, enabling in depth analyses of neurocircuitry and synapses at high resolution. 35 Intriguingly, we found that DISC1 showed a diffuse pattern in both the nucleus and the cytoplasm with nuclear puncta in a subset of cells (Supplementary Figure  S1A , S2A, S2I). We also examined subcellular localization of DISC1 (1-597), which corresponds to the Scottish family mutation. In the adult MBs, DISC1 (1-597) shows diffuse appearance in the nuclei but is not detected in the dendrites and axons. 14 By contrast, we observed weak expression of DISC1 (1-597) in dendrites and axons of larval neurons (Supplementary Figure S1A and Supplementary Table S2 ). These results demonstrate stagedependent subcellular dynamics of DISC1 proteins in fly neurons, reminiscent of the subcellular localization dynamics observed in vertebrate neurons. 36 Protein domains controlling subcellular localization in fruit fly larval neurons Subcellular localization of the DISC1 protein is controlled by other neuronally expressed proteins that bind to distinctive domains of DISC1. [1] [2] [3] [4] To dissect the functional protein domains in the larval neurons, we overexpressed a series of mutant DISC1 proteins ( Figure 1c ) and analyzed their localization (Supplementary Figure S1 and Supplementary Table S2 ).
Nuclear targeting was abolished by mutation of the aminoterminal region that included the NLS1 (Supplementary Figure  S2D -F), while punctate nuclear localization required the carboxylterminal region that included the leucine zipper domain (Supplementary Figure S2B , 2C). We also noted that mutant Δ349-402 lacked punctate localization in the nuclei (Supplementary Figure S2G ). The nuclear export signal at 546-555 also seemed functional in the larval neurons; except for DISC1 (1-402), which lacked nuclear export signal, all DISC1 constructs were detected in the perinuclear cytoplasm (Supplementary Figure S1 and Supplementary Table S2 ).
Dendritic localization was found for the mutant proteins that showed cytoplasmic localization. On the other hand, axonal localization was found for the mutants 1-597, 46-854, 245-854, 291-854 and mtNLS1 but not for the mutants 1-402 and Δ349-402, indicating the requirement of the dual domains of amino acids 403-597 and 349-402 for efficient axonal targeting in the developing neurons. Notably, the amino acids 403-504 are known to be required for DISC1 self-interaction ( Figure 1c ). 1, 2, 23 Subcellular targeting of DISC1 has been studied previously with cultured mammalian cells and primary mouse cortical neurons. 14, 37, 38 Importantly, our results with the developing fruit fly neurons are consistent with the domain studies with the mammalian cells, suggesting evolutionally conserved mechanisms of subcellular targeting of the DISC1 protein in developing fly neurons. The mutant proteins exhibited expression levels in the MB neurons comparable to that of the intact protein, except for DISC1 (245-854), which showed reduced levels (Supplementary Figure S1B ), suggesting that the different localization patterns were caused by the lack of the functional domains rather than reduced expression levels.
A pool of DISC1 protein is recovered in the Sarkosyl insoluble fraction but does not elicit neuronal degeneration in fruit fly neurons Recent studies have suggested that DISC1 has a tendency to form aggregates. 26, [39] [40] [41] [42] [43] [44] To investigate potential aggregate formation in fruit flies, we extracted DISC1 proteins from third instar larvae to perform western blotting. We detected full-length and mutant DISC1 proteins in the Sarkosyl insoluble fraction (Supplementary Figure S3A -D). In particular, the mNLS1 protein exhibited marked accumulation in the precipitate fraction, consistent with the formation of prominent puncta in the cytoplasm of the MB neurons (Supplementary Figure S2H) . The levels of the DISC1 proteins in the Sarkosyl insoluble fraction were comparable to or higher than that of GAPDH, which can form aggregates in cells. 45, 46 To investigate the effects of DISC1 aggregates on cellular differentiation, we overexpressed the full-length (1-854) and a truncated (1-597) DISC1 proteins in larval eye primordia (Supplementary Figure S3E ). Owing to the crystal-like arrangement of a large number of ommatidia, the fruit fly compound eye is a highly sensitive system to detect neuronal degeneration, and has been used in functional studies of human neurodegeneration genes. 7, 47, 48 The localization patterns of the full-length (1-854) and the truncated (1-597) proteins in eye primordia were similar to those observed in the developing MB neurons. We also co-expressed the full-length and the truncated proteins in developing ommatidia (Supplementary Figure S3E) . Intriguingly, although the number of the nuclear puncta was not altered (Supplementary Figure S3F) , coexpression of the full-length and truncated form (FL+TR) caused robust nuclear puncta formation and higher nuclear DISC1 levels (Supplementary Figure S3G ), suggesting the participation of the truncated protein in normal nuclear structure formation. To further investigate the effects of DISC1 overexpression, we examined the morphology of compound eyes of aged flies (35 days) using scanning electron microscopy; again no alterations were detected with both the full-length and the truncated proteins (Supplementary Figure S4) . These results thus suggest that, although a pool of the DISC1 protein is recovered in the Sarkosyl insoluble fraction, it may not elicit robust neurodegeneration in the fruit fly neurons.
Overexpression of DISC1 impairs associative memory in fruit fly larvae The above results argue for the relevance of the larval stage to the analysis of diverse DISC1 functions both in the cytoplasm and nuclei. Among cognitive deficits found in psychiatric patients, memory deficit is an important endophenotype, and has been shown to correlate with genetical susceptibility associated with DISC1 haplotypes. [49] [50] [51] Studies using murine models have shown that suppression of DISC1 with either RNA interference techniques or dominant-negative expression result in frontal lobe deficits that are characterized by working memory impairment. [1] [2] [3] [4] [49] [50] [51] To investigate neural functions of DISC1 in memory formation, we analyzed olfactory associative memory using fruit fly larvae, which provide an attractive model to study learning and memory in the developing brain. 29, 30, 35, [52] [53] [54] Despite its simple neural network, memory in the fruit fly shares a number of molecular features with human, including the critical requirement of intracellular cyclic AMP signaling. [19] [20] [21] 29, 55, 56 The fruit fly PDE (encoded by dunce), which exhibits significant sequence conservation with the human PDE, is preferentially expressed in MB neurons to have critical roles in learning and memory. 19, 21 The paradigm utilized in this study involves associative training using a specific odorant (linalool) in conjunction with sucrose, which serves as an appetitive reinforcer (Figure 2a ). Memory performance is determined as enhancement of olfactory responses to the test odorant after appetitive training. We expressed (c) DISC1 protein domains and the deletion/mutant constructs. Representative interacting proteins and DISC1 genetic variants associated with mental disorders 1-4 are shown above the structure. Q264R, L607F and S704C are common variants associated with schizophrenia (SZ). L607F and S704C are also associated with schizoaffective disorder (SAD) and major depression (MD). G14A, R37W, S90L and T603I are rare variants associated with SZ. S209R, R338Q and T754S are rare variants associated with bipolar disorder (BP). LZ, leucine zipper domain; MB, mushroom body; NES, nuclear exclusion signal; NLS, nuclear localization signal; SF, Ser-Phe rich domain. DISC1 in the larval MB neurons using the GAL4-UAS system. Previous studies have shown that neuronal signaling of olfactory information in MB neurons is critical for memory formation. [19] [20] [21] 29, 30, 52 Although control larvae (w (CS10)) exhibited higher olfactory response after appetitive training with sucrose than with distilled water (Figure 2b and Supplementary Table S3 ), larvae expressing DISC1 in MB neurons (FL-6-3/201Y and FL-6-6/201Y) failed to exhibit olfactory memory. On the other hand, larvae carrying the DISC1 construct but not the GAL4 driver (FL-6-3/w (CS10) and FL-6-6/w (CS10)) exhibited normal memory performance, indicating that memory suppression was caused by DISC1 expression in the larval MB neurons. Normal memory was observed in larvae having only the GAL4 driver (201Y/201Y and 201Y/w (CS10)).
DISC1 amino-terminal domain is required for memory suppression in fruit fly larvae To gain insight into the mechanism of memory suppression, we analyzed memory performance in transgenic larvae expressing DISC1 deletion constructs. Intriguingly, larvae expressing the DISC1 (1-597) protein failed to form memory (1-597/201Y), as did the larvae expressing the intact DISC1 protein (FL6-3/201Y and FL6-6/201Y; Figure 2c ). Likewise, larvae expressing the DISC1 construct 46-854, which removed the NLS1, also failed to form memory, consistent with the notion that cytoplasmic signaling has essential roles in memory formation. 19, 21, 29 On the other hand, larvae expressing the DISC1 construct with a large amino-terminal deletion exhibited normal memory performance (291-854/201Y). As anticipated, larvae carrying the mutated DISC1 construct but not the GAL4 driver exhibited normal memory performance (1-597/w (CS10), 46-854/w (CS10) and 291-854/w (CS10)).
To confirm sensory integrity and locomotor activity of DISC1expressing larvae, we examined the naive olfactory response to a test odor using the same agar plate assay used for the memory tests. Normal olfactory response was observed for all the DISC1expressing larvae ( Supplementary Table S4 ). Gustatory response for sucrose was also unaffected in all the DISC1-expressing larvae ( Supplementary Table S4 ). These results imply that the reduced response to odorant in DISC1-expressing larvae was caused neither by sensory nor locomotor defects, but was in fact due to deficits in associative memory formation.
DISC1 regulates axonal branching in MB neurons
In order to investigate the regulatory functions of DISC1 in neuronal connectivity, we examined anatomical integrity of MB neurons using a mosaic technique. Our previous study has shown that overexpression of DISC1 induces no gross anatomical change of the adult MBs, 14 but whether developmental expression of DISC1 affects the branching patterns of individual neurons has not been addressed. The fruit fly MB neurons are grouped into three classes, α/β, α'/β' and γ, with distinctive birth order and axonal trajectory. 19, 21 Among them, γ-neurons are generated during the embryonic and larval periods, and undergo complex remodeling including pruning and re-extension of neurites during metamorphosis to achieve the characteristic branching structure in the mature brain (Figure 3a) .
To investigate the developmental changes caused by DISC1 at high resolution, we generated γ-neuron clones using a mosaic technique (MARCM), 27 which is based on the GAL4/GAL80 expression control coupled with the FRT/FLT chromosomal recombination. This technique enables us to specifically express the target gene in the induced clones under the UAS promoter sequence (UAS-DISC1). The anatomy of the induced clones could be visualized at the single-cell resolution with simultaneous expression of UAS-mCD8::GFP, which encodes a membrane-bound GFP. We induced the DISC1 clones at the onset of the larval stage and analyzed anatomical integrity of individual neurons at the adult stage after neural remodeling. We found that, whereas the overall axonal extension and guidance of γ-neurons was unaffected, overexpression of DISC1 suppressed the elaborate terminal branching (Figures 3a-c) . Quantification of the branching patterns revealed that not only the number of branch points but also the total branch length was suppressed in γ-neuron clones expressing the full-length DISC1 (FL (1-854) ).
To elucidate the protein domains that control axonal branching, we then analyzed single-cell clones that expressed various deletion constructs. Whereas amino-terminal deletion constructs, including 291-854, caused axonal branch suppression, carboxyl truncation constructs (1-597 and 1-402) failed to do so. In addition, a small deletion construct (Δ349-402) exhibited an intermediate phenotype with significant suppression of branch length but not branching points (Figures 2b and c) . Finally, mtNLS1 also caused axonal branch suppression, indicating that nuclear localization was not required for axonal terminal modulation.
DISC1 regulates dendritic branching in MB neurons
Abnormalities in dendritic formations such as over-pruning or neurite maintenance failures are among the critical developmental alterations underlying mental disorders. 1-4 DISC1 regulates dendritic development, including spines of glutamate synapses in the murine brain. [1] [2] [3] [4] In order to further analyze DISC1 functions in neuronal connectivity, we extended our analysis to dendritic development. As with many invertebrate neurons, the MB γ-neurons are unipolar and exhibit elaborate dendritic branches near the cell body (Figure 4a ). The characteristic branching patterns are established through pruning and re-extension during metamorphosis. Many of the dendritic branches have claw-like endings that are post-synaptic to olfactory projection neurons. 57 Intriguingly, DISC1 overexpression caused moderate suppression of dendritic branching of γ-neurons (Figure 4b ), whereas formation of terminal claws was not affected (Figure 4c ). Analysis with deletion constructs revealed that, in contrast to its requirement for axonal branch suppression, the carboxyl region was dispensable for the suppression of dendritic branching (construct 1-597), while further removal of the carboxyl sequences (construct 1-402) abolished it. In addition, the deletion construct (Δ349-402) failed to suppress dendritic branching. On the other hand, the amino-terminal deletion constructs, including the small deletion (46-854), did not suppress dendritic branching, suggesting a critical role of the amino-terminal region, which harbors a NLS. Indeed, the nuclear localization mutant (mtNLS1) failed to suppress dendritic branching, suggesting critical involvement of nuclear DISC1 in dendritic modulation as opposed to axonal modulation.
DISC1 interacts with dysbindin in glutamatergic synaptogenesis
To further investigate the neurodevelopmental functions of DISC1, we examined synapse development using the fruit fly larval NMJs, which exhibit several key features in common with the excitatory synapses in the vertebrate brain. [58] [59] [60] [61] In particular, the fly NMJs utilize glutamate as the major neurotransmitter, and have been used as a powerful model to study the molecular mechanisms of synaptic development and functions. [58] [59] [60] [61] We found that overexpression of DISC1 with a ubiquitous driver caused overall shrinkage of the synaptic termini of the motoneurons (Figure 5a ) with significant reduction in total bouton area (Figure 5b) but not the numbers of boutons (Figure 5c ) and the axonal branch points (Figure 5d ). Analysis with deletion constructs revealed that the carboxyl deletion construct (1-597) suppressed the synaptic bouton area, as did the intact protein. However, construct 1-402 failed to do so. Moreover, the small deletion construct (Δ349-402) also failed to suppress the synaptic bouton area. On the other hand, deletions of the amino-terminal regions had no effect (constructs 46-854, 245-854 and 291-854). Notably, mtNLS1 also suppressed the synaptic bouton area as did the intact protein, indicating that nuclear localization was not required for synaptic suppression. To reveal underlying mechanisms, we conducted a screening for genes that cooperatively function with DISC1 in synaptic development. We expressed DISC1 in the heterozygous background of fly mutations implicated in neural circuit formation and functions (details will be published elsewhere), and compared their NMJ phenotypes with the phenotype caused by DISC1 expression in the wild-type background. Among the genes identified through this screening, mutation of dysbindin (dysb), the fruit fly homolog of the human DTNBP1 gene, caused intriguing enhancement of the DISC1 phenotype (Figure 6a ). The dysb e01028 mutation is recessive per se, and did not alter total bouton area on its own in the heterozygous background (Figure 6b , comparisons of DISC1 minus data between w (CS10) and dysb e01028 /+). However, DISC1 suppressed the synaptic area more profoundly in dysb e01028 /+ heterozygous background (Figure 6b , comparisons of DISC1 plus data between w (CS10) and dysb e01028 /+). Moreover, DISC1 caused significant reductions in the number of boutons and the individual bouton size in the dysb e01028 /+ heterozygous background (Figures 6c and d) . On the other hand, the number of axonal branch points of the motor neurons were not changed, arguing for specific suppression of synaptic bouton formation (Figure 6e) .
In order to determine whether DISC1 directly interacts with the fruit fly Dysbindin in synaptogenesis, we applied the PLA technique 33 in the larval NMJs. In this assay, the target proteins are localized with specific primary antibodies, which are then detected with secondary antibodies conjugated to PLA-PLUS or MINUS oligonucleotide probes. The attached probes can be bridged through hybridization of connector oligonucleotides only when the two proteins are in close proximity to make direct contact. The annealed oligonucleotides are then closed by ligation into circular DNA molecules, which serve as templates for subsequent rolling circle amplification to be visualized by in situ hybridization with a fluorescently labeled probe.
Consistent with the genetic results, we detected significant PLA signals between DISC1 and the fruit fly Dysbindin in the developing synapses (Figure 7) . These results as a whole suggest an intriguing functional interaction between DISC1 and Dysbindin in the development of glutamatergic synapses.
DISCUSSION
Molecular cellular studies in the past decade have suggested that DISC1 is a multifunctional intracellular scaffold protein that participates in diverse physiological and developmental processes. [1] [2] [3] [4] In this study, we expressed human DISC1 in developing fruit fly neurons, and performed behavioral and neurodevelopmental studies in living organisms (summarized in Table 1 ). We have shown that overexpression of DISC1 causes associative memory defects in fruit fly larvae. Mosaic analyses with single-cell clones revealed that overexpression of DISC1 suppresses axonal and dendritic branching of MB neurons. Moreover, we have shown that DISC1 functionally interacts with the fly homolog of DTNBP1 in synaptic development via direct proteinprotein interaction.
Recent studies have reported that DISC1 has a tendency to form aggregates in mammalian cells. 26, [39] [40] [41] [42] [43] [44] Here we obtained the data that a pool of DISC1 can be recovered in the detergent insoluble precipitates in the fly cells too. In contrast to aggregate-prone proteins for neurodegenerative diseases, 7, 47, 48 insoluble DISC1 did not elicit robust neuronal cell death in the compound eyes of the fly. It is an important future question whether insoluble pools of DISC1 mediate the developmental and functional phenotypes that we observed in the fly neurons. domains including NLS1 are dispensable. Several studies have shown that DISC1 regulates axonal development in the murine brain, [1] [2] [3] [4] and that cytoplasmic factors such as the NDEL1/LIS1 complex interact with the carboxyl regions of the DISC1 protein to regulate microtubule dynamics and axonal transport. [1] [2] [3] [4] Homologs of the dynein complex are found in flies and mediate cellular morphology and dynamics such as migration. 62, 63 The fruit fly LIS1 is expressed in developing MB neurons to control neural progenitor proliferation and axodendritic development. 64, 65 Furthermore, Hayashi-Takagi et al. 66 have shown that the middle domain of DISC1 interacts with Kalirin-7 to control Rac1 activity that is critical for actin cytoskeleton organization. Notably, the fly Kalirin homolog (Trio) is expressed in fruit fly MB neurons to regulate axodendritic development. 67, 68 In addition, our results have suggested another domain (amino acid 349-402) in the middle of the DISC1 protein for axonal branch suppression. Intriguingly, the DISC1 amino acids 335-347, nearby the region deleted in Δ349-402, are bound by TNIK, 23 a psychiatric risk factor and an activator of Wnt target genes. 69 The fly TNIK homolog (misshapen) is known to control axon targeting and synaptogenesis in fruit flies. 70 Our analyses with deletion constructs have shown that, as opposed to suppression of axonal branching, suppression of dendritic branching requires nuclear localization of the DISC1 protein. Molecular studies on the associated proteins have indicated that DISC1 interacts with diverse nuclear proteins as well. [1] [2] [3] [4] 14, 23 Sawamura et al. 14 have shown that DISC1 binds ATF4/ CREB2 and the fly homolog Cryptocephal to regulate CREmediated gene transcription and sleep homeostasis in fruit flies. However, experiments with deletion constructs argue against the involvement of carboxyl-binding factors, including ATF4/CREB2, in the suppression of MB dendrites. Instead, our data suggest other factors that target the domain 403-596, which harbors the DISC1 dimerization sequence (amino acids 403-504) along with the binding sites for other proteins. 23 Further studies are required to elucidate the exact interacting proteins as well as the molecular mechanism through which nuclear DISC1 controls dendritic development.
Converging control of glutamatergic synaptogenesis by DISC1 and Dysbindin
It has been hypothesized that altered glutamate neurotransmission might be a critical cause for cognitive deficits in schizophrenia and other mental disorders. 71, 72 Through a genetic interaction study in the fly NMJ, we have shown that DISC1 interacts with Dysbindin in synaptic development. Dysbindin was subsequently identified as a component of biogenesis of lysosome-related organelles complex that controls organelle biogenesis and intracellular membrane trafficking. 74, 75 Dysbindin is expressed in both pre-and post-synaptic cells to control dendritic spine formation through the association with WAVE-2 and Abi-1, key regulators of Rac1 that control actin cytoskeletal dynamics. 76 Consistently, knockdown of dysbindin results in disorganization of actin cytoskeletons that accompanies neurite shortening and growth cone abnormality. 74, 77 As noted above, DISC1 controls Rac1 through association with Karilin-7. 66 In addition, studies of DISC1 interactome 23 interact with members of the exocyst complex, 23 which regulate protein trafficking to synaptic terminals in both vertebrates and fruit flies. [78] [79] [80] It is also noteworthy that DISC1 interacts directly with TNIK, which in turn interacts with DST. 23 Interestingly, it has been shown that Dysbindin controls synaptic development and functions in fruit flies. 32, 81 Moreover, the fly homolog (short stop) of microtubule-actin crosslinking factor 1 and DST has critical roles in axonal, dendritic and synaptic development. 82, 83 Recently, Ottis et al. 40 have suggested intriguing convergence of DISC1 and Dysbindin by showing that DISC1 recruits Dysbindin into protein aggresomes in mouse neuroblastoma cells via direct protein-protein interaction mediated by amino acids 316-597, which is consistent with the domains involved for synaptic modulation in fruit fly NMJs. Physical interaction between Dysbindin and DISC1 is also critical for the stability of Dysbindin and for neurite outgrowth in cultured neuronal cells. 84 
Abbreviations: FL, full length; NLS, nuclear localization signal; NT, not tested.
together, our results as a whole suggest a complex but intriguing converging mechanism controlled by DISC1 and Dysbindin in the developing glutamatergic synapses. In this study, we have presented a dissection of the functional DISC1 domains in fruit flies. Given the unparalleled power of the Drosophila genetics, it is feasible to systematically identify interacting genetic loci that collaboratively function in vivo through shared pathways. Combined with the recent advancement in human psychiatric genetics, the fruit fly provides insights relevant to the understanding of the etiology of mental disorders at the brain circuit level.
